Changes in environmental conditions can lead to rapid shifts in the state of an ecosystem ("regime shifts"), which, even after the environment has returned to previous conditions, subsequently recovers slowly to the previous state ("hysteresis"). Large spatial and temporal scales of dynamics, and the lack of frameworks linking observations to models, are challenges to understanding and predicting ecosystem responses to perturbations. The naturallyoccurring microecosystem inside leaves of the northern pitcher plant (Sarracenia purpurea) exhibits oligotrophic and eutrophic states that can be induced by adding insect prey. Here, we further develop a model for simulating these dynamics, parameterize it using data from a prey addition experiment and conduct a sensitivity analysis to identify critical zones within the param- * Corresponding author eter space. Simulations illustrate that the microecosystem model displays regime shifts and hysteresis. Parallel results were observed in the plant itself after experimental enrichment with prey. Decomposition rate of prey was the main driver of system dynamics, including the time the system remains in an anoxic state and the rate of return to an oxygenated state. Biological oxygen demand influenced the shape of the system's return trajectory. The combination of simulated results, sensitivity analysis and use of empirical results to parameterize the model more precisely demonstrates that the Sarracenia microecosystem model displays behaviors qualitatively similar to models of larger ecological systems.
wide range of ecological systems are poised to "tip" into new regimes [2, 3] ,
{rf (x)} > b, there will be more than one equilibrium point (i.e., stable 98 state) [1] ; the function f (x) determines the shape of the switch between the 99 states and the degree of hysteresis. 100 Following [1], we used a Hill function for f (x):
The Hill function provides a simple model that can produce threshold be-102 haviors. The dynamics of the state variable x is determined by parameters 103 p and h, which determine the rate of change and the inflection point of the 104 curve, respectively (Fig. 1A ). If p is set such that more than one possible state 105 exists for the system, h determines the threshold for the transition between 106 these states. When viewed in phase-space ( Fig. 1B) , the transition between 107 states can be seen as a path traversed by the system between distinct regions 108 (i.e., phases). In part because of this threshold property, the Hill function 109 has been applied to systems ranging from biochemistry and microbiology to 110 ecology, whose dynamics depend on a limiting resource (e.g., [32] . 111 We modeled the dynamics of the trophic state of the Sarracenia microe-112 cosystem using an equation of the same underlying form as Eq. 1:
Each model term is described below and summarized in Table 1 .
The model (Eq. 3) of the Sarracenia microecosystem ( Fig. 2A ) is made
Bacterial populations increase at a rate determined by a half-saturation 138 function with parameter K w (Eq. 3), which increases BOD, and the deple-139 tion of oxygen from the pitcher fluid ( Fig. 2F ). Demand of the food web for 140 oxygen (i.e., BOD) depends on the decomposition rate (β) and the shape 141 parameter (K w ), but only when prey is present in the system (w t−1 > 0 142 in Eq. 3). When prey is absent (i.e., w t−1 = 0), BOD terms simplify by 143 multiplication to the basal metabolic rate (m).
144
Photosynthesis may be limited by available nutrients, primarily nitrogen 145 and phosphorus [34, 35] , that are mineralized by bacteria from the prey 146 [17] . Photosynthesis is augmented (a t ) by nutrient mineralization rate (s).
147
We model a t as a saturating function with bounds determined by the range 148 terms (a min , and a max ), s, and the point of saturation (d):
The other impact of prey addition, and subsequent decomposition by the 150 food web, is the release of nutrients into the pitcher fluid. The mineralization 151 variable n t (Eq. 5), which is modeled as proportional to the product of the 152 amount of oxygen and prey in the system (i.e., n t+1 = c · (w t · x t ) where c 153 is a constant of proportionality), creates a feedback from decomposition to 154 oxygen production by the plant (i.e., the path in Fig. 2A from the food web to nutrients to pitcher to oxygen and back to the food web).
photosynthesis (oxygen production) when prey is introduced to the system, 158 and the food web begins to decompose the prey and release nutrients into the 159 pitcher fluid. Finally, a small amount of oxygen diffuses into the pitcher fluid 160 directly from the atmosphere (D(x)); however, the diffusion rate is generally 161 so low that it is negligible relative to changes resulting from photosynthesis 162 and BOD. the removal of nutrients and microscopic organisms that occurred at each state, and when no prey was added, BOD remained low throughout the 290 entire simulation (black line in Fig. 3B ). After prey was added on, for ex-291 ample, days 4-6 (t = 6480 to t = 9360 minutes), the system jumped into 292 its alternative state: BOD increased rapidly then declined slowly as prey 293 was mineralized (grey line in Fig. 3B ). The combination of the smooth, slow 294 recovery response of photosynthesis to prey addition and the abrupt shift in 295 BOD following prey addition ( Fig. 3A & B) resulted in an abrupt shift in 296 the system from an oxygenated state into an anoxic state and a very slow 297 (hysteretic) recovery (Fig. 3C ). The hysteresis of the system was apparent 298 when oxygen concentration was plotted as a time-lagged phase plot (lag = 299 1440 minutes starting at t=720), which shows the change in oxygen following 300 addition of prey at t = 6480 and the slow return due to high BOD (Fig. 3D ). in an hypoxic state and on the return rate (steeper contours with increasing 311 β in Fig. 4) . Last, varying the amount of prey by two orders of magnitude produced a sharp threshold for the effect of varying β on hypoxia and return rate (Fig. 4) .
[23] F. M. Jones, The most wonderful plant in the world, Natural History 23 Figure 5: Oxygen dynamics in three simulations using different levels of bacterial carrying capacity (K w ; light-grey = 0.1, dark-grey = 0.5, and black = 1) with the same rate of decomposition (β = 2.0E-6) illustrating hysteresis (i.e., altered return trajectory) of the system. (A) Lower levels of K w produce slower return rates over the course of the simulation. Prey addition (open circles) depressed mid-day oxygen curves at lower values of K w . Closed circles indicate the first and last mid-day prey addition points. (B) A time-lagged (t = 1440 minutes) phase plot for the same simulations showing that lower values of K w led to the oxygen being at lower levels for more time following prey addition (open circles), but followed a similar return trajectory as prey was decomposed by the food web (closed circles also indicate the beginning and end of each series). Although all three simulations ran for the same amount of time, the lengths of the trajectories are different in phase space because lower values of K w resulted in the system spending more time with the same amount of oxygen (i.e., x t = x t+1440 ). 
